Abstract
250 meiotic DNA double-strand breaks (DSBs) are induced in the genome by a DNA 28 topoisomerase VI-like complex to initiate meiotic recombination [2] [3] [4] . Of these DSBs, only ~8-29 11 are repaired as crossovers (COs) using a homologous chromosome (homolog). Thus, male 30 meiosis in the Arabidopsis genome, which comprises five chromosomes, results in an average 31 of ~1.8 crossovers between homologs. This low number suggests the existence of 32 mechanisms that limit crossovers, a phenomenon that is observed in most eukaryotes 2 .
33
Meiotic DSB and CO frequencies are controlled by genetic and epigenetic factors and are 34 non-randomly distributed along chromosomes, with higher levels around gene promoters and 35 terminators and lower levels across the centromeres [5] [6] [7] .
36
At least two pathways (Type I and Type II), contribute to CO formation 2, 3 . The Type I pathway 37 leads to interfering COs that prevent the coincident occurrence of closely spaced CO on the 38 same pair of chromosomes 2, 8, 9 . In plants, interfering COs represent ~80-85% of total COs and by anti-recombination factors such as FANCM, RECQ4A, RECQ4B, and FIGL1 [11] [12] [13] [14] [15] . 43 Disruption of anti-recombination factors can increase the number of Type II COs in plants, 44 which has the potential to create new combinations of desirable alleles that can improve crop 45 varieties 13, 16 . Therefore, high-throughput detection and understanding of CO frequency and 46 interference have important implications for our understanding of the control of meiotic 47 recombination as well as for breeding.
48
In Arabidopsis, CO frequency and interference can be measured by pollen tetrad analysis 49 using Fluorescent-Tagged Lines (FTLs) in the quartet1 (qrt1) background 17, 18 . Mutation of the Fig. 2 ). The 59 relative segregation of any two markers can be used to place pollen tetrads into one of the three categories used for classic tetrad analysis: parental ditype (PD), tetratype (T) and non-61 parental ditype (NPD) (Supplementary Fig. 3 .
89
When trained, DeepTetrad can produce masks of both tetrad-like (tetrads, triads, dyads) and 90 single pollen-like objects from bright-field images of pollen tetrads (Fig. 1b) Supplementary Fig. 4 ), or from a choice of three types (PD, T, NPD) for two-color 96 assays ( Supplementary Fig. 5 ), according to the segregation pattern and intensity of 97 fluorescence (yellow, red, cyan) in the four pollen masks per tetrad mask (Fig. 1d) I5a, I5b, I5a-b) using DeepTetrad (Fig. 2b, Supplementary Fig. 1 (Fig. 2c, Supplementary Fig. 1 ),
122
consistent with prior observations 6, 7, 27 . DeepTetrad can also recognize tetrad images taken at 123 different magnifications, and produces consistent CO frequency irrespective of scale (Fig. 2d, 
124
Supplementary Fig. 6 ).
To demonstrate DeepTetrad's utility for measuring CO interference we analyzed tetrad images 126 from the three-color (YRC/+++) FTL interval-I1bc (Fig. 2e, Supplementary Fig. 1 Multi-task loss L is also defined in the same manner.
, where Lcls is classification loss. Lbox is loss of bounding box v= (vx, vy, vw, vh) , which is a DeepTetrad, is a grayscale image defined by the following logical predicate.
, in which the pixel(x, y) function returns the pixel value of given coordinates in an image.
170
Mask segmentation is a multi-label classification. Hence Lmask must be calculated overlook a considerable number of masks, which would be a critical problem.
202
As a solution, DeepTetrad tries to infer masks from cropped images rather than directly collect refined tetrad masks, Ψt, and refined pollen masks, Ψp, which meet the predicate below:
, in which, dist(x, y) returns a Euclidean distance between x and y, n(x) returns the number of 226 elements, and c is either t (tetrad) or p (pollen).
228
The measurable tetrad masks and pollen masks, Ω, are defined as follows:
, where centroid(x) yields the median of given mask coordinates. on-state and off-state must be bigger than but not equal to 0.40 in a normal distribution.
251
We determine if fluorescent proteins in a pollen grain are expressed by comparing individual .
Calculation of interference
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278
In the above equations, we assumed that two adjacent genetic intervals of i1 and i2 are defined 279 by three separate fluorescent protein transgenes of red, yellow, and cyan in sequential order.
280
The γ represents that at least a single crossover event occurred at i2, meanwhile δ denotes 281 that no crossover events were found at i2. We highlight that the number of crossover event is 282 counted at i1. Tγ is the tetratype tetrads for i1 that have a CO in i2, and Tδ is the tetratype yellow pellet. The supernatant was removed and discarded by pipetting or vacuum aspiration.
296
Four μl of pollen tetrad preparation solution was added to the yellow pellet. After pipetting 297 gently five times, the 4-μl suspension of pollen tetrads was loaded on a glass microscope slide 298 and covered with a small cover glass (9 x 9 mm). This resulted in ~2,500 tetrads for imaging.
300

Microscopy and imaging
301
A set of four photographs for each pollen tetrad was taken using a Leica M165 FC dissecting Table 6 ).
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Measurement of CO interference by DeepTetrad. The CO interference ratio (σ= Xi1 without adjacent 339 CO/ Xi1 with adjacent CO) was measured by DeepTetrad (DT) and manual counting (MC), highlighted 340 in blue. Interference value (I=1-coefficenct of coincidence) in yellow, was calculated by flow cytometry 341 
399
Tetrad images were taken using an epifluorescence microscope at different magnifications (a-400 e) (25x, 32x, 40x, 50x, 80x) under bright-field, RFP, YPF and CFP filters. Scale bar = 0.1 mm. 
